Epstein-Barr nuclear antigen (EBNA) leader protein (EBNALP) coactivates promoters with EBNA2 and is important for Epstein-Barr virus immortalization of B cells. Investigation of the role of histone deacetylases (HDACs) in EBNALP and EBNA2 promoter regulation has now identified EBNALP and EBNA2 to be associated with HDAC4 in a lymphoblastoid cell line. Furthermore, a transcriptiondeficient EBNALP point mutant did not associate with HDAC4. HDAC4 and 5 overexpression repressed EBNA2 activation and EBNALP coactivation, whereas other HDACs had little effect. Moreover, EBNALP expression decreased nuclear HDAC4. Expression of 14-3-3 anchors HDAC4 in the cytoplasm, increased EBNALP effects, and reversed HDAC4 or 5 repression. HDAC4 reversal depended on the HDAC4 nuclear export sequence. Consistent with EBNALP coactivation being mediated by nuclear HDAC4 depletion, HDAC4 overexpression increased nuclear HDAC4 and specifically repressed EBNA2-dependent activation as well as EBNALP-dependent coactivation. Also, EBNALP, HDAC4, and 14-3-3 could be immunoprecipitated in a single complex. Thus, these data strongly support a model in which EBNALP coactivates transcription by relocalizing HDAC4 and 5 from EBNA2 activated promoters to the cytoplasm. The observed EBNALP effects are likely also in part through HDAC5, which is highly homologous to HDAC4.
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activator ͉ Epstein-Barr virus ͉ lymphocyte transformation ͉ repressor E pstein-Barr virus (EBV) is a ␥-herpesvirus that causes lymphocyte-proliferative diseases, including posttransplant and AIDS-associated lymphoproliferative diseases, African Burkitt's lymphoma, and Hodgkin's disease. EBV also causes nasopharyngeal carcinoma (1) . EBV infection of human B lymphocytes results in Latency III, characterized by expression of Epstein-Barr nuclear antigen 2 (EBNA2) and EBNA leader protein (EBNALP), which are essential for lymphoblastoid cell line (LCL) outgrowth (1) (2) (3) (4) . EBNA2 activates transcription of both host and virus genes (1, 5, 6) by associating with RBP/CBF1 (5-7) and activating transcription in part through PU.1 or AUF1 (8) (9) (10) . Once positioned at promoters, EBNA2 recruits basal and activation-related transcription factors to promoters, including TFIIH, TAF40, and histone acetyl transferases p300, CBP, and p/CAF (11) . Histone acetyl transferase activity is important for promoter activation.
EBNA2-mediated transcription is strongly up-regulated by EBNALP, which is encoded in the leader of the EBNA2 transcript and is expressed along with EBNA2 at the start of lymphocyte infection (12) (13) (14) . EBNALP unstably interacts with EBNA2 (13, 14) and stably associates with cell proteins HA95 (15, 16) , PKA, Hsp70 (15, 17) , DNA-PK (15), Hax-1 (18) , ERR1 (19) , cdc2 (20, 21) , and sp100 (22) . HA95 overexpression down-regulates EBNALP effects, whereas Hax-1, ERR1, and Sp100 may up-regulate EBNALP effects. EBNALP is in the nucleus and the cytoplasm of EBV-infected lymphocytes, whereas EBNA2 is only in the nucleus (23) . EBNALP partial localization to the cytoplasm may be significant because the amino acids required for cytoplasmic localization are conserved among EBNALPs of primate lymphocryptoviruses (24, 25) .
EBNALP consists of 66 amino acid repeats, which are a scaffold for self-association (as well as for association with EBNA2 and other factors important for transcription), and 45 unique C-terminal amino acids, which regulate repeat domainmediated interactions and effects (13, 24, 25) . Because transcription is regulated by the balance between histone acetylation and deacetylation (26) and the EBNA2 acidic domain recruits p300/CBP and p/CAF histone acetyl transferases (11), we now investigate whether EBNALP can coactivate with EBNA2 by down-regulating class I or II histone deacetylases (HDACs) to coactivate transcription.
Results

HDAC4 and 5 Repress Activation, and EBNALP Reverses the Effect.
To test whether EBNA2 transcriptional activation can be inhibited by HDACs, the effect of HDAC overexpression on EBNA2-dependent transcription was tested. Surprisingly, only HDAC4 and HDAC5 repressed EBNA2 activation of the EBV LMP1p and Cp promoters (Fig. 1A) . HDAC4 repressed the LMP1p and Cp promoters by 30-40% and HDAC5 by 50-60% (Fig. 1 A) . HDACs 1, 3, 6, and 7 did not effect EBNA2 activation even though these HDACs were equally well expressed (Fig. 1B) . These results indicate that HDAC4 and HDAC5 can specifically down-modulate EBNA2 activation.
To investigate whether EBNALP can relieve HDAC4-or HDAC5-mediated repression of EBNA2, EBNALP was expressed in cells in which EBNA2 activity was repressed by HDAC4 or HDAC5 (Fig. 1C) . EBNALP reversed HDAC4 or HDAC5 repression of the LMP1p or Cp promoters and activated the promoters 3-to 8-fold. EBNALP coactivation with EBNA2 was not as strong in the presence of higher HDAC4 or HDAC5 levels as in the absence of HDAC4 or HDAC5. These results indicate that EBNALP can reverse the repressive effects of HDAC4 or HDAC5 overexpression on EBNA2, and that HDAC4 or HDAC5 overexpression limits EBNALP coactivation. HDACs 1, 3, 6, and 7 overexpression did not effect EBNALP coactivation in reporter assays (data not shown).
The effects of HDAC4 overexpression on EBNA2 activation and EBNALP coactivation were further evaluated by expressing increasing amounts of HDAC4 in cells in which the LMP1p or Cp promoters were activated by EBNA2 or EBNA2 and EBNALP. Interestingly, low levels of HDAC4 overexpression did not inhibit EBNA2-mediated promoter activation, but in-hibited EBNALP-mediated coactivation (Fig. 1D) . Moreover, high levels of HDAC4 expression inhibited EBNA2 activation by 40% and inhibited EBNALP coactivation by 90% (Fig. 1D) . Thus, lower HDAC4 levels are required to inhibit EBNALP LMP1p and Cp promoter coactivation than are required to inhibit EBNA2 activation.
HDAC4 also down-regulated EBNA2 and EBNALP coactivation of LMP1p in Latency I-infected Akata Burkitt's lymphoma cells (Fig. 1E ). Indeed, HDAC4 had a significantly greater effect than HDACs 1, 3, 5, 6, or 7, which had a lesser effect (Fig. 1E ).
HDAC4 Distribution in LCL Nucleus and Cytoplasm Is Kinase-Dependent. HDAC4 characteristically shuttles between the nucleus and cytoplasm, and localizes predominantly to the cytoplasm (27) . HDAC4 shuttling is determined by phosphorylation by specific protein kinases, including calcium/calmodulin-dependent protein kinases (28) (29) (30) (31) (32) (33) . In a typical LCL, HDAC4 localized almost exclusively to the cytoplasm ( Fig. 2A Left) . Treatment with the broad-spectrum kinase inhibitor Staurosporine (34) increased nuclear HDAC4 from 2% to 25% after 3 h of treatment, indicating that 8% of HDAC4 can shuttle to the nucleus each hour (Fig. 2 A Right) . As expected, p84, a nuclear marker localized to the nucleus and tubulin localized to the cytoplasm, in the presence or absence of staurosporine (Fig. 2 A) . Interestingly, in IB4 LCL cells, HDAC4 was partly associated with tubulin ( Fig. 2 A) . HDAC5 antibodies were inefficient in HDAC5 immunoprecipitation and Western blot detection, although GST-14-3-3 pull-down followed by Western blot analysis enabled endogenous HDAC5 detection (data not shown).
HDAC4 Associates with EBNA2 in LCL Nuclei and EBNALP in Nuclei and
Cytoplasm. Because HDAC4 could mediate repression by interaction with transcription factors at promoter site, we tested whether HDAC4 associates with EBNA2 or EBNALP in LCL nuclei or cytoplasm. EBNA2 was only in LCL nuclear extracts, whereas EBNALP was in nuclear extracts but also in the cytoplasm (23) (Fig. 2B) . When HDAC4 was immunoprecipitated from nuclear or cytoplasmic extracts by using polyclonal HDAC4 antibody, EBNALP specifically immunoprecipitated with HDAC4 from cytoplasmic and nuclear extracts, whereas EBNA2 precipitated with HDAC4 only from nuclear extracts (Fig. 2B ). These data indicate that HDAC4 associates with EBNA2 and EBNALP in nuclei and with EBNALP in the cytoplasm.
EBNALP Reduces HDAC4 Nuclear Localization in B Cells. The interaction between HDAC4 and EBNALP in the nucleus and the cytoplasm prompted us to evaluate whether EBNALP effects HDAC4 partitioning. HDAC4 distribution in BJAB lymphoblasts was compared with HDAC4 distribution in BJAB lymphoblasts stably expressing EBNALP. Stable EBNALP (ELP ϩ ) expression resulted in an 4-to 5-fold decrease in nuclear HDAC4 concentration as is evident in the comparison of HDAC4 in wild-type BJAB nuclei (ELP Ϫ ) with HDAC4 in EBNALP expressing BJAB nuclei (ELP ϩ ) (Fig. 3A) . Moreover, cytoplasmic HDAC4 increased 2-fold in ELP ϩ BJAB cells. Importantly, 3 h inhibition of phosphorylation using staurosporine resulted in a 2-and 7-fold increase in nuclear HDAC4 in BJAB cells and EBNALP expressing BJAB cells, respectively (Fig. 3B , 5 M Stauro). These data indicate that nuclear HDAC4 levels are down-regulated by EBNALP expression and that the effect is largely phosphorylation-dependent.
A Coactivation-Incompetent EBNALP Mutant Is Deficient in HDAC4
Binding. EBNALP is serine-phosphorylated and mutation of three critical serines in the EBNALP W repeats to alanine (3S/A) abrogates coactivation with EBNA2, whereas mutation to glutamic acid is wild type in coactivation (20, 24) . To test whether the critical EBNALP serines are also required for HDAC4 interaction, GST-HDAC4 1-618 was used to pull down EBNALP from BJAB cells transfected with wild-type EBNALP or with the coactivation and phosphorylation-deficient alanine triple-point mutant EBNALP(3S/A). GST-HDAC4 pulled down The EBV ϩ Akata cell line was transfected with the indicated expression plasmids (2.5 g for EBNA2, 5 g for EBNALP, or 10 g for HDACs) and LMP1 induction detected by immunoblot using S12 antibodies (LMP1) at 48 h after transfection. The expression levels of EBNA2 were not affected. All reporter gene assays were performed as described in Materials and Methods. Empty vector was used to correct for the total mass of transfected DNA. ␤-Galactosidase was used as an internal control for transfection efficiency, and luciferase values were normalized by using ␤-galactosidase values. Activation values reflect the values Ϯ SD. Each experiment was independently repeated at least three times. E2, EBNA2; ELP, EBNALP; WB, Western blot.
5% of EBNALP, but only 0.8% of 3S/A EBNALP. Thus, coactivation deficient EBNALP is also deficient in HDAC4 binding. Because an EBNALP triple-point mutant that is deficient in coactivation and phosphorylation is also deficient in HDAC4 binding, EBNALP phosphorylation is likely necessary for HDAC4 binding and movement by EBNALP to the cytoplasm and transcriptional coactivation.
HDAC4 or 5 Overexpression Represses EBNALP Coactivation, and 14-3-3 Relocalizes and Restores Coactivation to the LMP1p but Not Cp
Promoters. To evaluate whether EBNALP coactivation depends on HDAC4 or HDAC5 nuclear export, 14-3-3 overexpression was used to relocalize HDAC4 and HDAC5 to the cytoplasm (27, (35) (36) (37) . Interestingly, 14-3-3 overexpression did not affect EBNA2 5-fold activation of the LMP1p promoter (adjusted to 1 in Fig. 4A ) and doubled EBNALP coactivation from 17-to 33-fold (Fig. 4A) . Furthermore, HDAC4 or HDAC5 overexpression reduced EBNALP coactivation from 27-to 11-fold or from 5-to 1-fold and 14-3-3 expression completely restored EBNALP coactivation (Fig. 4 B and C) . Moreover, HDAC4 with a point mutant Nuclear Export Sequence (HD4NES) (30) repressed EBNALP coactivation from 7-to 3-fold and 14-3-3 overexpression had no effect on HD4NES repression (Fig. 4D) . Surprisingly, 14-3-3 overexpression did not abrogate HDAC4-or 5-mediated repression of EBNA2 and EBNALP on Cp promoter activation (Fig. 4E) . These data indicate that EBNALP coactivates transcription through different mechanisms at the Cp and LMP1p promoters and that cytoplasmic sequestration of HDAC4 or 5 is not sufficient for reversal of HDAC4 or HDAC5 repressive effects on the Cp promoter.
HDAC4 Is in a Ternary
Complex with EBNALP and 14-3-3. To test whether HDAC4, EBNALP, and 14-3-3 can be in one complex in BJAB Burkitt's lymphoma cells, Flag-tagged HDAC4 was expressed in cells with EBNALP and 14-3-3, immunoprecipitated with Flag-antibody, eluted from beads with Flag peptide, re-immune precipitated with EBNALP antibody, and analyzed by Western blotting. More than 5% of EBNALP and HDAC4 were in the EBNALP and HDAC4 complex along with Ͻ5% 14-3-3 (Fig. 4F) . These data indicate that HDAC4 and EBNALP stably associate at a high level and are partly complexed with 14-3-3.
Discussion
These data implicate nuclear depletion of HDAC4 in EBNALP coactivation of the EBV LMP1p promoter with EBNA2. Consistent with this model, HDAC4 was associated with EBNA2 in LCL nuclei and with EBNALP in LCL nuclei and cytoplasm. EBNALP expression decreased endogenous nuclear HDAC4 and relocalized HDAC4 to LCL cytoplasm. Treatment of LCLs with staurosporine resulted in nuclear accumulation indicating that cytoplasmic accumulation is the result of a dynamic process of nuclear entry and kinase-dependent nuclear export and cytoplasmic retention. Importantly, EBNALP association with HDAC4 required serine residues that are essential for EBNALP coactivation of the LMP1p promoter with EBNA2, establishing a genetic linkage between EBNALP coactivation and HDAC4 association. Consistent with EBNALP coactivation of the LMP1p promoter being dependent on HDAC4 nuclear export, 14-3-3 overexpression localized HDAC4 to the cytoplasm and potentiated EBNALP coactivation of the LMP1p promoter with EBNA2. Thus, these data strongly support a model in which HDAC4 is associated with EBNA2 at the LMP1p promoter and EBNALP coactivates by decreasing HDAC4 nuclear concentration (Fig. 5 ).
The effects of HDAC4 overexpression on EBNA2-and EBNALP-mediated transcription in reporter assays and LMP1 expression assays could be due to intrinsic HDAC4 repression at EBNA2 up-regulated promoter sites or to HDAC4-dependent recruitment of a repressor (38, 39) . Alternatively, HDAC4 could block EBNA2 interaction with an activator at promoters or inhibit EBNA2 binding to promoters. HDAC4 and HDAC5 associate with large protein complexes, which include transcriptional corepressors and activators at promoter sites (for review, see ref. 32 ). In particular, HDAC4 and HDAC5 can associate with and repress MEF2 or serum response factor-dependent transcription (28, 37, (40) (41) (42) . HDAC4 can also recruit proteins with repressive effects, such as HDAC3, mSin3A, SMRT, NCoR, and HP1␣ (38, 39) . HDAC4 and HDAC5 shuttle in and out of the nucleus in a phosphorylation-dependent manner (27, 28, 30, 31, 33, 36, 37, 40) . Several protein kinases, including calcium/ calmodulin protein kinases II and IV phosphorylate HDAC4 and HDAC5 on specific serine residues and promote 14-3-3 protein binding (28) (29) (30) (31) (32) (33) . As a result, HDAC4 and HDAC5 relocate to the cytoplasm in a Crm1-dependent manner. Cytoplasmic shuttling regulation de-represses HDAC4 and HDAC5-repressed promoters (27-29, 31, 33, 36, 37, 40) .
Our data strongly support a nucleo-cytoplasmic model for EBNALP effects in LMP1p coactivation. EBNALP reduces HDAC4 nuclear concentrations, resulting in coactivation of transcription. Whether EBNALP primarily promotes HDAC4 nuclear export or cytoplasmic retention is under investigation. The shuttling protein HA95 is strongly associated with EBNALP (15, 16) , and may mediate HDAC4 export in a Crm-1-independent way (43, 44) . Moreover, EBNALP, HDAC4, and 14-3-3 proteins are in a ternary complex, presumably in the cytoplasm, where 14-3-3 proteins anchor HDAC4 (28, 29, 36, 37) . EBNALP binding to HDAC4 next to the nuclear localization signal and phosphorylation sites necessary for 14-3-3 binding (data not shown) could also inhibit HDAC4 nuclear import and stabilize 14-3-3 binding.
Our data are consistent with a model (Fig. 5 ) in which EBNALP coactivates with EBNA2 by displacing HDAC4 and HDAC4 associated repressors such as HP1␣ from EBNA2-bound promoter sites. EBNALP association with repressors has previously been implicated in coactivation (22) . EBNALP displaces Sp100 and HP1␣ from ND10 bodies. Importantly, an Sp100 mutant deficient in ND10 localization could replace EBNALP in coactivating EBNA2 effects on LMP1p expression; and an Sp100 mutant deficient in HP1␣ association was inactive in EBNA2 coactivation. These data are consistent with a model that removal of Sp100 and associated HP1␣ from EBNA2 promoter sites underlies EBNALP coactivation. Because HDAC4 also associates with HP1␣ (39), EBNALP displacement of HDAC4 from EBNA2 responsive promoters may be the mechanism underlying EBNALP effects observed here. In this way, the data presented here support the importance of repressor displacement in EBNALP coactivation and further implicate HP1␣ as an important repressor of EBNA2 activation at some promoters. EBNA2 activation and EBNALP coactivation of the EBV Cp promoter were also effected by HDAC4 and HDAC5 overexpression. Interestingly, HDAC4 effects on Cp were stronger than on LMP1p and were not reversed by cotransfection with 14-3-3 proteins, suggesting a different mechanism of regulation. This data are consistent with our unpublished observations indicating that overexpression of different HDAC4 deletion mutants are required for repression of each promoter. Cp promoterrepressive HDAC4 may be sumoylated, which would result in nuclear retention (45) , and hence be unaffected by 14-3-3 overexpression.
One important result from this study is that the transcriptionally incompetent 3S/A EBNALP triple-point mutant cannot interact with HDAC4. Interestingly, other transcriptionally inactive EB-NALP mutants bind to HDAC4 (data not shown), suggesting that they may interfere with other aspects of coactivation or transport, further strengthening the hypothesis that EBNALP might coactivate transcription through several mechanisms.
Although they are uniquely essential HDACs (30, 46) , HDAC4 and HDAC5 are likely to act through similar mechanisms given their extensive sequence conservation. Interestingly, HDAC5 was the stronger repressor of EBNA2 and EBNALP coactivation of the LMP1p or Cp promoters in reporter assays, but did not repress EBNA2 and EBNALP-dependent endogenous LMP1 expression in Latency I-infected Akata cells (Fig.  1E) . HDAC5 levels are low in B cells, and could not be detected by using immunoprecipitation with HDAC5 antibodies and Western blot analysis (data not shown), although HDAC5 could be detected in similar amounts than HDAC4 by using bacterially expressed GST-14-3-3 pull-downs and Western blot analysis. The stronger HDAC5 effect on EBNA2 activation and EBNALP coactivation in reporter assays may be due to HDAC5 more avid nuclear localization (36, 46) . Like HDAC4, HDAC5 shuttles to the cytoplasm upon phosphorylation by CaMKIV and 14-3-3 protein binding (28, 29) . Thus, HDAC4 and HDAC5 may independently or conjointly repress EBNA2 and EBNALP coactivation.
These data substantially add to the intrinsic complexity of EBNALP coactivation with EBNA2, which appears to be responsive to multiple signals in infected cells, including cell cycle, cell contact, Protein Kinase A, and Casein Kinase II (16, 20, 21) . The complexity of these regulatory effects is likely due to the need for regulation of transactivation during initial EBNA2 activation and EBNALP coactivation early in B lymphocyte infection, when EBNALP and EBNA2 are the only EBV proteins that are expressed as well as later in Latency III EBV infection when EBNA2 up-regulation is modified by EBNA3A, EBNA3B, and EBNA3C, which also regulate transcription through RBP-jK/CBF1 (1, 8, (47) (48) (49) (50) (51) (52) .
Materials and Methods
Expression Plasmids. pSG5-EBNA2 (wild type) and pSG5-EBNALP (wild type carrying four W1W2 repeat copies and one Y1Y2 copy) expression plasmids were described before (12) (13) (14) . pSG5-EBNALP (wild type carrying only two W1W2 copies and one Y1Y2 copy), and pSG5-3S/A EBNALP [carrying two W1W2 copies with the triple single amino acid substitution (W-S 34,36,63 -A) and one Y1Y2 copy], were provided by A. Bell (University of Birmingham, Birmingham, United Kingdom) (24) . pBJ5-HDAC1-Flag, pBJ5-HDAC5-Flag, and pBJ5-HDAC6-Flag were kindly provided by S. L. Schreiber (Harvard University, Cambridge, MA); pcDNA3.1-HDAC3-myc, pcDNA3.1-HDAC4-myc, and pGEX2tk-HDAC4 were kindly provided by T. Kouzarides (University of Cambridge, Cambridge, United Kingdom); and pcDNA3.1-HDAC7-Flag was a gift from E. Verdin (University of California, San Francisco, CA). pcDNA3-14-3-3 ␥-myc was a gift from A. Aitken (University of Edinburgh, Edinburgh, U.K.). pcDNA3-HDAC4-Flag was a gift from C. Brancolini (University of Udine, Udine, Italy).
Cell Lines. All cell lines were cultured as described (13) . BJAB is an EBV negative Burkitt Lymphoma cell line (53) . Akata cell line is an EBV-positive strain (54) . IB4 is an EBV-infected cord blood lymphocyte derived LCL, which expresses all Latency III genes (55).
Reporter Assays. Up to 40 g of total DNA was electroporated into 1 ϫ 10 7 log phase-BJAB cells by using a Bio-Rad Gene Pulser (2.2 kV, 960 F). After transfection, cells were incubated at 37°C for 24 h before lysis, and luciferase measurements were normalized by using ␤-galactosidase values from cotransfected ␤-galactosidase expression plasmid. Cp and LMP1p reporter constructs were as described (13, 14) . Assays were done in duplicate and repeated at least three times with similar results.
Immunodetection. Detection of proteins was performed by standard Western blot procedures. Antibodies used were as follows: mouse monoclonal anti-EBNALP (JF186) (56), mouse monoclonal anti-LMP1 (S12) (57), mouse anti-Flag (M2; Sigma), mouse anti-myc (9E10; Santa Cruz Biotechnology), rabbit polyclonal anti-HDAC4 (ab12172; Abcam), mouse monoclonal anti-HDAC4 (ab12171; Abcam), mouse anti-p84 (ab487; Abcam), and mouse anti-␣-tubulin (Sigma). Cellular Fractionation. IB4 cells (5 ϫ 10 7 ) were harvested and washed in cold PBS. Cells were suspended in ice-cold buffer A (hypotonic) (10 mM Hepes, pH 7.9/10 mM KCl/1.5 mM MgCl 2 /5 mM DTT), and protease inhibitors (Complete; Roche) for 20 min in ice. Cell swelling was monitored by microscope (ϫ400 lens). Cells were then transferred to a pre-cooled Dounce homogenizer and homogenized with 20 strokes (type B pestle) in ice. Cell extract was centrifuged at 4°C and 400 ϫ g for 5 min to pellet nuclei. Supernatant (cytoplasm extract) was cleared at 4°C and 9,300 ϫ g for 15 min and transferred to a new tube. The extract was made 150 mM NaCl final by the addition of the appropriate amount of 5 M NaCl before the addition of the antibodies. Nuclei were washed in buffer A, suspended in ice-cold buffer B (hypertonic) (20 mM Hepes, pH 7.9/20% glycerol/420 mM NaCl/1.5 MgCl 2 /2 mM EDTA/5 mM DTT), and protease inhibitors (Complete; Roche) for 30 min in ice and centrifuged at 4°C and 9,300 ϫ g rpm for 15 min. Supernatant (nuclear extract) was then diluted with the appropriate amount of buffer B without NaCl to make it 150 mM NaCl final, before the addition of the antibodies.
Immunoprecipitation. Transfected BJAB or IB4 cells were lysed in lysis buffer (1% Nonidet P-40/50 mM Tris⅐HCl, pH 7.4/2 mM EDTA/150 mM NaCl) or as described for cellular fractionation, and antibodies were added after centrifugation at 4°C and 10,000 rpm for 15 min. Immunoprecipitations were performed at 4°C. After 2-3 h of rotation, protein A-Sepharose (Amersham Pharmacia) was added, and samples were incubated for another 30 min to 1 h. After incubation, complexes were pelleted and washed three to five times in the correspondent lysis buffer. Complexes were eluted by the addition of 2ϫ SDS/PAGE sample buffer and loaded on the gel. Proteins were then transferred to nitrocellulose filters and detected by using the indicated antibodies. Double Immunoprecipitation. Conditions were the same as for single immunoprecipitations, except that immunoprecipitated proteins were eluted from the Flag-beads by incubating with 0.5 mg/ml 3ϫ Flag peptide (Sigma) at room temperature for 30 min. Flag-beads were separated from the proteins by centrifugation through a QIAquick spin column (Qiagen). A second immunoprecipitation was then done, as for the first immunoprecipitation.
Bacterial Expressed GST-HDAC4 1-618 and GST Pull-Down.
Rosetta(DE3)pLysS competent cells (Novagen) were transformed with pGEX2tk-HDAC4 1-618 or pGEX2tk (empty vector, expressing GST). A single colony was grown in LB media, and expression was induced by the addition of 500 M IPTG for 3 h at 37°C. Bacteria were harvested, washed, resuspended in 1% Triton X-100 in PBS with protease inhibitors (Complete; Roche), and stored at Ϫ80°C. Aliquots were thawed, sonicated, and cleared by centrifugation at 4°C and 9,300 ϫ g for 15 min. Supernatant, containing soluble GST-HDAC4 or GST, were incubated with glutathione-Sepharose (Amersham Pharmacia) (50 l of slurry in PBS) for 2 h with rotation at 4°C. Glutathione-bound GST-HDAC4 or GST was washed five times with lysis buffer with protease inhibitors and stored at 4°C. An aliquot of the Sepharose beads-GST-HDAC4 or GST was tested for expression and purification in SDS/PAGE, followed by Coomassie stain. For pull-down experiments, GST-HDAC4 1-618 was added to BJAB total extracts, prepared as described under immunoprecipitation, from cells expressing wild-type EBNALP or 3S/A EBNALP, and incubated at 4°C for 2-3 h. Beads were pelleted and washed five times with BJAB lysis buffer, and proteins were eluted by the addition of 2ϫ sample buffer before loading on the gel. Proteins were visualized by Western blot analysis with antibodies against EBNALP (JF186).
Staurosporine Treatment. Equal volume of staurosporine or vehicle (DMSO) (Calbiochem) was added to cell cultures to a final concentration of 5 M for 3 h at 37°C. After treatment, cells were harvested, washed, and lysed as described.
